The combination of high output power and femtosecond pulses from VECSELs and MIXSELs would be very attractive for many applications. To explore the limitations, a quantitative understanding of the pulse formation processes is required. Our numerical simulations showed a good qualitative agreement with experimental results in the picosecond regime. By minimizing intracavity group delay dispersion (GDD) and improving gain bandwidth and SESAM parameters, our model predicts pulses as short as 250 fs. As a first step we minimized GDD with a top coating which provides values between ±10 fs 2 over a range of 30 nm around the design wavelength.
INTRODUCTION
Passively modelocked Vertical External Cavity Surface Emitting Lasers (VECSELs [1] ) or Modelocked Integrated eXternal-cavity Surface-Emitting Lasers (MIXSELs [2] ) using semiconductor saturable absorbers have achieved multiWatt average output power in the picosecond regime. Recently, up to 6.4 W of average power in 28-ps pulses were achieved from a MIXSEL [3] . Femtosecond pulse generation, however, has been power limited well below 1 W. To date the average output power of femtosecond VECSELs based on quantum well (QW) gain structures has been limited to <150 mW [4] [5] [6] (see figure 1) . The shortest pulse duration generated by a QW-VECSEL was 60 fs at less than 35 mW average output power in harmonic modelocking [7] . In contrast, so far modelocked VECSELs based on quantum dot (QD) gain structures have been restricted to 18 ps using QW-SESAMs [8] and 780 fs fs at 63 mW [9] . Continuum generation applications such as a simple white light sources for illumination in laparoscopy surgery or gigahertz frequency combs would benefit from a higher peak power at low cost. To explore the limitations in the femtosecond domain, a quantitative understanding of the pulse formation processes is required. For this we developed a model to simulate the pulse propagation in the cavity which showed a good qualitative agreement with experimental results in the picosecond regime [10] . With improved gain bandwidth and minimized intracavity group delay dispersion (GDD), our model predicts pulses down to 250 fs. We developed a top coating to minimize the GDD, which provides values between ±10 fs 2 over a range of 30 nm around the design wavelength. 
SIMULATIONS

Model
Our model is based on numerical iteration of a pulse inside a cavity. The pulse is defined on a time grid [-T/2, T/2) and interacts with all the cavity elements implemented in a lumped element model (Figure 2. ). The slowly varying envelope approximation is used to describe the time evolution of the pulse [11] . The effects of each cavity element such as gain, absorber or output coupler, are described by numerical operators applied on the pulse envelope either in time or frequency domain. Fast Fourier Transformation allows switching between the two domains. Additional effects such spectral filtering, dispersion and noise are taken into account are shown in Figure 2 . Figure 2 . Concept of our model for pulse propagation simulations in a VECSEL cavity. Each effect in the cavity is described by a numerical operator.
Our model is even capable of simulating the pulse buildup process in a modelocked VECSEL cavity from noise, as it can be seen in Figure 3 . A stable pulse is typically obtained after 4000 roundtrips. 
Results
Previously, a qualitative theory on a soliton-like pulse-shaping mechanism was developed [12] . This theory describes the interplay of the nonlinear phase shift, induced through strong gain and absorber saturation, with positive intra-cavity Group Delay Dispersion (GDD). This is similar to soliton modelocking [13] where self-phase modulation (SPM) and negative GDD cancel out each other. Taking theses effects into account, we could show recently, that our simulations are in qualitatively good agreement with results obtained with picosecond pulses [10] . By minimizing intracavity GDD and improving gain bandwidth up to 60 nm, which seems to be realistic values according to [14] , our model predicts pulses as short as 250 fs as shown Figure 4 left. The simulation parameters used were: F sat,gain = 500 μJ/cm 2 , F sat,absorber = 10 μJ/cm 2 , τ gain = 3 ns, τ absorber = 20 ps and a small signal gain of 4%. As demonstrated in the ps-regime [10] , GDD has an even stronger effect on the pulse duration. To achieve ultrashort pulses, minimized or slightly positive intra-cavity dispersion, is essential as shown in Figure 4 right.
GDD MINIMIZATION
In practice, the intracavity GDD is minimized with a top coating on the VECSEL and the SESAM. We developed a top coating inspired by the work of Lumb et al. [15] . The top coating consists of 6 AlAs/AlGaAs pairs and a fused silica layer on top. The layer thicknesses are optimized using a Monte Carlo algorithm. The optimized coating provides flat GDD with values between ±10 fs² over a range of 30 nm around the design wavelength. Compared to an anti-resonant design [16] these new structures show significantly improved GDD flatness with an even higher field enhancement factor [15] . Figure 5 . Left: Simulated GDD of a VECSEL with a low GDD top coating (black) and the same structure with growth errors of ±1% of all included material (grey). Right: The same simulation but zoomed by a factor of 1000. The GDD is between ±10 fs² over a range of 30 nm around the design wavelength.
CONCLUSION
We upgraded our pulse propagation model to simulate femtosecond pulses in SESAM-modelocked VECSEL cavities. The model takes into account strong gain and absorber saturation effects and larger gain bandwidth. Our simulations showed a big impact of GDD on the pulse duration with even small values of ±500 fs². To experimentally verify our simulations, we developed a top coating which provides a flat GDD with values between ±10 fs² over a range of 30-nm around the design wavelength. With such coating and improved gain bandwidth, sub 500-fs pulses are expected. Initial experimental results obtained with this kind of coating will be presented in this conference [17] .
